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1 DISK DRIVE EMPLOYING DATA AVERAGING TECHNIQUES DURING RETRY 

2 OPERATIONS TO FACILITATE DATA RECOVERY 

3 

4 BACKGROUND OF THE INVENTION 

5 

6 Field of the Invention 

7 The present invention relates to disk drives for computer systems. More particularly, the 

8 present invention relates to a disk drive employing data averaging techniques during retry 

9 operations to facilitate data recovery. 
ItfO Description of the Prior Art 

'isssf 

Oft Disk drives typically employ an error recovery procedure for recovering an errant data 

m 

QJ2 sector when an error occurs during a read operation. If the anomaly which caused the read error 

(jjp is transient, the data sector may be successfully recovered by rereading the data sector during a 

g l4 retry operation. Otherwise if the anomaly is static, the data sector may be recovered by varying 

3j£ selected parameters in the disk drive during the retry operation. For example, U.S. Patent No. 

yjjs 6,188,538 discloses a disk drive which induces an offset into the servo tracking algorithm during 

Sfy the retry operation in order to improve the likelihood of recovering an errant data sector. In 

HI 

18 another example, U.S. Patent No. 5,721,816 discloses a disk drive which adapts parameters of a 

19 read channel, such as equalizer coefficients, during retry operations. In yet another example, 

20 U.S. Patent No. 6,009,549 discloses a disk drive comprising a raw samples buffer for buffering 

21 the samples of the read signal in memory. During retry operations, the read signal samples 

22 buffered in memory are processed in multiple passes while adjusting various read channel 

23 parameters which overcomes the rotational latency of the disk. However, further enhancing the 

24 retry operation improves the likelihood of recovering an errant data sector. 

25 There is, therefore, a need to improve the retry operation of a disk drive in order to further 

26 improve the likelihood of recovering errant data sectors. 
27 
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1 SUMMARY OF THE INVENTION 

2 The present invention may be regarded as a disk drive comprising a disk having a 

3 plurality tracks, each track comprising a plurality of data sectors. A head is actuated radially 

4 over the disk, the head for generating a read signal while reading data from at least one of the 

5 data sectors. A buffer buffers read data associated with the read signal. A disk controller 

6 processes a read command received from a host computer by positioning the head over a selected 

7 data sector to generate a first read signal and storing in the buffer first read data associated with 

8 the first read signal. If a read error occurs, the disk controller repositions the head over the 
y& selected data sector to generate a second read signal. Second read data associated with the 
r|p second read signal is averaged with the first read data stored in the buffer to generate averaged 
f |l read data. The average read data is stored in the buffer and processed to recover the selected data 
jfe sector. 

jte I n one embodiment, the read data comprises binary bits detected from the read signal 

y|4 such that the averaged read data comprises averaged binary bits. In one embodiment, the disk 

§ n 

controller implements an error correction code (ECC) for detecting and correcting errors in the 

m 

fife averaged binary bits. In one embodiment, the averaged binary bits are grouped into ECC 

17 symbols, a reliability metric is generated for each ECC symbol in response to a reliability 

18 derived from averaging the binary bits, and the disk controller processes the reliability metrics to 

19 augment the ECC. In one embodiment, at least one erasure pointer is generated from the 

20 reliability metrics, and the disk controller processes the erasure pointer to increase the number of 

21 correctable ECC symbols. 

22 In one embodiment, the read data comprises read signal sample values generated by 

23 sampling the read signal such that the averaged read data comprises averaged read signal sample 

24 values. In one embodiment, the disk drive further comprises a read channel for detecting an 

25 estimated data sequence from the averaged read signal sample values. In one embodiment, the 

26 read channel comprises an equalizer filter for filtering the averaged read signal sample values to 

27 generated equalized read signal sample values, and a sequence detector for detecting the 
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1 estimated data sequence from the equalized read signal sample values. 

2 In one embodiment, the disk controller adjusts at least one parameter of the disk drive 

3 prior to rereading the selected data sector. In one embodiment, the disk controller adjusts a read 

4 channel parameter. In one embodiment, the disk controller adjusts a servo control parameter. In 

5 one embodiment, the disk controller adjusts a tracking offset to at least two different settings 

6 wherein for each tracking offset setting the disk controller performs multiple rereads of the 

7 selected data sector to generate the averaged read data. 

8 The present invention may also be regarded as a method of recovering an errant data 



^9 sector in a disk drive. The disk drive comprises a disk having a plurality of data sectors, a head 

4j0 actuated radially over the disk, the head for generating a read signal while reading data from at 

111 least one of the data sectors, and a buffer for buffering read data associated with the read signal 

~"jk The method comprises the steps of receiving a read command from a host computer, positioning 

4E3 the head over a selected data sector to generate a first read signal, and storing in the buffer first 

f|4 read data associated with the first read signal. If a read error occurs, the method further 

ru 

ffjp comprises the steps of repositioning the head over the selected data sector to generate a second 

|JjS read signal, averaging second read data associated with the second read signal with the first read 

5 fl data stored in the buffer to generate averaged read data, storing the averaged read data in the 

18 buffer, and processing the averaged read data stored in the buffer to recover the selected data 

19 sector. 

20 BRIEF DESCRIPTION OF THE DRAWINGS 



21 FIG. 1A shows a disk drive according to an embodiment of the present invention 

22 comprising a buffer for storing averaged read data during retry operations, and a disk controller 

23 for processing the averaged read data stored in the buffer to recover an errant data sector. 

24 FIG. IB is a flow diagram of the steps executed by the disk controller for performing a 

25 read operation, including retry operations during which averaged read data is generated and used 

26 to recover an errant data sector. 

27 FIG. 2 shows an embodiment of the present invention wherein the averaged read data is 
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1 generated by averaging an estimated binary sequence detected by a read channel over multiple 

2 retry operations. 

3 FIG. 3 illustrates the averaging of a plurality of the bits in the estimated data sequences 

4 detected by the read channel over multiple retry operations. 

5 FIG. 4 shows an embodiment of the present invention wherein the bits of the averaged 

6 binary sequence are grouped into ECC symbols, and a reliability metric generated for each ECC 

7 symbol relative to the weighted outcome of the averaging. 

8 FIG. 5 shows an embodiment of the present invention wherein the averaged read data is 
M 9 generated by averaging read signal sample values generated over multiple retry operations, 

JSSM. 

Jj|3 wherein the read channel processes the averaged read signal sample values to detect an estimated 

4Jl data sequence. 

Tp FIG. 6 shows a disk drive according to an embodiment of the present invention wherein 

yj 

Jfe the disk controller adjusts a parameter of the disk drive prior to rereading an errant data sector 
during a retry operation. 

r1J5 FIG. 7 illustrates a write error wherein data is written askew from the centerline of the 

m track along a serpentine path and how reading the errant data sector with a single track offset 

17 may not recover the data sector. 

18 FIG. 8 is a flow diagram of an embodiment of the present invention wherein the disk 

19 controller adjusts a tracking offset to at least two settings, rereads an errant data sector multiple 

20 times for each tracking offset setting, and averages the resulting read data to generate the 

2 1 averaged read data. 

22 DESCRIPTION OF THE PREFERRED EMBODIMENTS 

23 FIG. 1A shows a disk drive 2 according to an embodiment of the present invention 

24 comprising a disk 4 having a plurality of tracks 6, each track comprising a plurality of data 

25 sectors. A head 8 is actuated radially over the disk 4, the head 8 for generating a read signal 

26 while reading data from at least one of the data sectors. A buffer 10 buffers read data associated 

27 with the read signal, and a disk controller 12 processes a read command received from a host 
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1 computer. As shown in the flow diagram of FIG. IB, at step 14 the disk controller 12 positions 

2 the head 8 over a selected data sector to generate a first read signal and at step 16 stores in the 

3 buffer 10 first read data associated with the first read signal. If at step 18 a read error occurs, the 

4 disk controller 12 repositions the head over the selected data sector at step 18 to generate a 

5 second read signal. At step 20 second read data associated with the second read signal is 

6 averaged with the first read data stored in the buffer 10 to generate averaged read data. The 

7 average read data is stored in the buffer 10 and processed at step 22 to recover the selected data 

8 sector. 

5 9 FIG. 2 illustrates an embodiment of the present invention wherein the disk drive 

Mjp comprises a read channel 24 for detecting an estimated data sequence comprising binary bits 26. 

m The read channel 24 may comprise any suitable circuitry, such as a sampling device for sampling 

U 

1$2 a read signal 28 emanating from the head 8 and detection circuitry for detecting binary bits from 
the read signal sample values. The binary bits 26 are stored in the buffer 10 and processed by the 

f}4 disk controller 12. The disk controller 12 implements an error correction code 30 for detecting 

jf1§5 and correcting errors in the binary bits stored in the buffer 10. If during an initial read operation 

ffe the disk controller 12 is unable to recover a data sector, the data sector is read again during a 

r ft retry operation. The binary bits 26 detected during the read operation are averaged with the 

18 binary bits stored in the buffer 10 to generate averaged binary bits. The disk controller 12 

19 processes the averaged binary bits stored in the buffer 10 in an attempt to recover the data sector. 

20 If the data sector is still unrecoverable, another retry operation is executed and the detected 

21 binary bits 26 are averaged with the binary bits stored in the buffer 10. This process is reiterated 

22 until the data sector is recovered, or the data sector is deemed unrecoverable after a 

23 predetermined number of retries. 

24 The averaging operation is illustrated in FIG. 2 as a number of estimated data sequences 

25 32 0 -32 N averaged together to generate the estimated data sequence 34 comprising the averaged 

26 data bits. However, any suitable method may be employed to generate the averaged binary bits 

27 in the estimated data sequence 34. In one embodiment, the buffer 10 stores a count value for 
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1 each occurrence of a "1" bit for each binary symbol. The count value for each "1" bit is then 

2 divided by the number of retries attempted. If the result of the division is greater or equal to 1/2, 

3 then the averaged binary bit in the estimated data sequence 34 is assigned a "1" bit, otherwise it 

4 is assigned a "0" bit. This is illustrated in FIG. 3 which shows an estimated data sequences 32 0 

5 detected during an initial read operation, and four estimated data sequences 32 r 32 4 detected 

6 during four retry operations. The binary bits in the estimated data sequences 32 0 -32 4 are 

7 averaged together to generate the estimated data sequence 34 comprising averaged binary bits 

8 36 0 -36 N . The first averaged binary bit 36 0 is assigned a "1" bit since there are three "1" bits in the 
J5 corresponding bit of the estimated data sequences 32 0 -32 4 , and 3/5 is greater than or equal to 1/2. 
3jb The second averaged binary bit 36! is assigned a "0" bit since there is one "1" bit in the 
4jl corresponding bit of the estimated data sequences 32 0 -32 4 , and 1/5 is not greater than or equal to 
Gfc 1/2. The remainder of the averaged binary bits 36 2 -36 N are assigned a "1" or "0" in a similar 
sl3 manner. 

rip In one embodiment, the averaged values used to assign the binary value to each averaged 

ffj5 binary bit is also used to generate an erasure pointer for increasing the number of errors corrected 

ffljis by the error correction code 30. This is illustrated in FIG. 4 which shows a reliability metric 

17 generated for each bit in the estimated data sequence 34. The reliability metric in this 

18 embodiment is computed as the averaged value if assigned a "1" bit, and computed as one minus 

19 the average value if assigned a "0" bit. The first averaged binary bit 36 0 is assigned a "1" bit so a 

20 reliability metric of 3/5 or 0.6 is assigned to the first averaged binary bit 36 0 . The second 

21 averaged binary bit 36! is assigned a "0" bit so a reliability metric of 1-1/5 or 0.8 is assigned to 

22 the second averaged binary bit 36,. The remainder of the averaged binary bits 36 2 -36 N are 

23 assigned a reliability metric in a similar manner. In the example of FIG. 4, the ECC symbols 

24 comprise three bits each, and the reliability metrics generated for each bit in a symbol are 

25 combined to generate the erasure pointers. In the example of FIG. 4, the reliability metrics are 

26 added and the result compared to a threshold. If the result is less than or equal to a threshold, 

27 then an erasure pointer is generated for the symbol. The combined metrics for the first symbol is 
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1 2.4 which is greater than 1.5 and therefore no erasure pointer is generated. The combined 

2 metrics for the last symbol is 1.4 which is less than 1.5 and therefore an erasure pointer is 

3 generated. Any suitable error correction code may be employed, such as a Reed-Solomon error 

4 correction code. Using erasure pointers to augment a an error correction code, such as a Reed- 

5 Solomon error correction code, is well known, the details of which are not disclosed so as not to 

6 obscure the embodiments of the present invention. 

7 FIG. 5 shows an embodiment of the present invention wherein the averaged read data is 

8 generated by averaging read signal sample values 38 generated over multiple retry operations, 

9 wherein the read channel 24 processes the averaged read signal sample values stored in a samples 
m buffer 40 to detect an estimated data sequence 42. In the embodiment shown in FIG. 4, the read 
f§l channel 24 comprises an equalizer filter 44 for filtering the averaged read signal sample values 
tjp 46 to generated equalized read signal sample values 48, and a sequence detector 50 for detecting 
J3 the estimated data sequence 42 from the equalized read signal sample values 48. The read 
~44 channel 24 may comprise other suitable circuitry, such as timing recovery and gain control 
S J£5 circuitry not shown. The sequence detector 50 implements any suitable detection algorithm, 
jjfe such as a partial response maximum likelihood (PRML) algorithm. In one embodiment, the 
T#7 aspects of FIG. 2 and FIG. 5 are combined so that the averaged read data comprises averaged 

18 read signal sample values processed by the read channel 24 as well as averaged binary bits 

19 processed by the error correction code 30 of the disk controller 12. 

20 FIG. 6 shows a disk drive 52 according to an embodiment of the present invention 

21 wherein the disk controller 12 adjusts a parameter of the disk drive 52 prior to rereading an errant 

22 data sector during a retry operation. The disk controller 12 may adjust any suitable parameter, 

23 such as a parameter of the read channel 24 or a parameter of a servo controller 54. The servo 

24 controller 54 controls the operation of a voice coil motor (VCM) 56 for positioning the head 8 

25 radially over the disk 4. 

26 In one embodiment illustrated in FIG. 7, the disk controller 12 adjusts a tracking offset 

27 setting during the retry operations so that the servo controller 54 maintains the head 8 offset from 
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1 centerline of the track while reading a data sector. If the head 8 is offset from centerline during a 

2 retry operation, the data sector may be recovered without averaging the read data. However, as 

3 illustrated in FIG. 7, the data may be written along a serpentine path 58 such that reading the data 

4 sector with a single tracking offset setting will not recover the data sector. If the read data is 

5 averaged for several tracking offset settings it may enable recovery of the data sector. In one 

6 embodiment, several retry operations are performed for each tracking offset setting, thereby 

7 generating averaged read data for each tracking offset setting. The averaged read data for each 

8 tracking offset setting is averaged into a final set of averaged read data. In this manner, the read 
data along the path 58 of the data sector having a low signal-to-noise ratio (SNR) will average 

ajo toward zero leaving the averaged read data with a high SNR as the dominant component in the 

pjl final set of the averaged read data. 

FIG. 8 is a flow diagram illustrating the embodiment of the present invention wherein the 

m disk controller 12 adjusts a tracking offset to at least two settings, rereads an errant data sector at 

Ok least once for each tracking offset setting, and averages the resulting read data to generate the 

-if 

115 averaged read data. At step 60 the disk drive receives a command from a host to read a data 

qe sector. At step 62, the disk controller 12 seeks the head 8 to the target track and reads the target 

17 data sector. If at step 64 a read error occurs, then at step 66 the disk controller 12 adjusts a 

18 tracking offset setting. At step 68 the target sector is read N times and the resulting read data 

19 averaged. At step 70 the averaged read data is processed in an attempt to recover the data sector. 

20 If at step 72 the data sector is still unrecoverable, and at step 74 there are more tracking offset 

21 settings to try, then the process reiterates starting with step 66. In one embodiment, the target 

22 sector is read one time at step 68 and the tracking offset settings are cycled multiple times. In 

23 another embodiment, the target sector is read multiple times at step 68 over one cycle of the 

24 tracking offset settings. In yet another embodiment, the target sector is read multiple times at 

25 step 68 over multiple cycles of the tracking offset settings. If at step 74 all of the tracking offset 

26 settings have been tried, then at step 76 an unrecoverable error is returned to the host (or 

27 alternatively a different disk drive parameter is adjusted over a number of retry operations). 
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